Objectives-To investigate the possibilities of personal ambient monitoring and biological monitoring for methylpentane isomers. Methods-The performance of activated carbon cloth to absorb 2-and 3-methylpentane was studied by experimental vapour exposure followed by solvent extraction and gas chromatography (GC). Urine from workers and rats exposed to 2-and 3-methylpentane was analysed by GC with or without acid or enzymatic hydrolysis. Results-Carbon cloth absorbed 2-and 3-methylpentane linearly to exposures up to eight hours and to 400 ppm, and was sensitive enough to detect a 15 minute peak of exposure. The two isomers were clearly separated from hexane on a DB-i column. For analysis of the urine, enzymatic hydrolysis was superior to acid hydrolysis. Exposure of rats to methylpentane vapours showed that 2-methyl-2-pentanol and 3-methyl-2-pentanol were excreted in urine in proportion to the dose of 2-methylpentane and 3-methylpentane, respectively. 2-Methyl derivatives of 1-, 3-, and 4-propanol, 2-methylpentane-2,4-diol, and 3-methyl-2-pentanol were minor metabolites. Analysis of urine from the exposed workers showed that 2-methyland 3-methyl-2-pentanol are leading urinary metabolites after exposure to the corresponding methylpentane. Conclusions-Diffusive sampling is applicable to monitor 2-and 3-methylpentane vapours as is the case for hexane vapour. 2-Methyl-2-pentanol and 3-methyl-2-pentanol will be markers of occupational exposure to 2-methylpentane and 3-methylpentane, respectively. Also, 2-methylpentane-2,4-diol might be a marker of exposure to 2-methylpentane (Occup Environ Med 1995;52:757-763) 
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Objectives-To investigate the possibilities of personal ambient monitoring and biological monitoring for methylpentane isomers. Methods-The performance of activated carbon cloth to absorb 2-and 3-methylpentane was studied by experimental vapour exposure followed by solvent extraction and gas chromatography (GC). Urine from workers and rats exposed to 2-and 3-methylpentane was analysed by GC with or without acid or enzymatic hydrolysis. Results-Carbon cloth absorbed 2-and 3-methylpentane linearly to exposures up to eight hours and to 400 ppm, and was sensitive enough to detect a 15 minute peak of exposure. The two isomers were clearly separated from hexane on a DB-i column. For analysis of the urine, enzymatic hydrolysis was superior to acid hydrolysis. Exposure of rats to methylpentane vapours showed that 2-methyl-2-pentanol and 3-methyl-2-pentanol were excreted in urine in proportion to the dose of 2-methylpentane and 3-methylpentane, respectively. 2-Methyl derivatives of 1-, 3-, and 4-propanol, 2-methylpentane-2,4-diol, and 3-methyl-2-pentanol were minor metabolites. Analysis of urine from the exposed workers showed that 2-methyland 3-methyl-2-pentanol are leading urinary metabolites after exposure to the corresponding methylpentane. Conclusions-Diffusive sampling is applicable to monitor 2-and 3-methylpentane vapours as is the case for hexane vapour. 2-Methyl-2-pentanol and 3-methyl-2-pentanol will be markers of occupational exposure to 2-methylpentane and 3-methylpentane, respectively. Also, 2-methylpentane-2,4-diol might be a marker of exposure to 2-methylpentane ( Ono et al, they are less toxic to the peripheral nervous system than hexane.' It is quite conceivable that the metabolism of these isomers leading to corresponding alcohols6 should be different from that of hexane (for which 2,5-hexanedione in urine is a biological marker of exposure7 8). Only a few studies2 9 have been conducted to investigate the possibilities of the use of these alcoholic metabolites in urine in biological monitoring of workers occupationally exposed to the methylpentane isomers.
Trials were made in this study to examine if the following two approaches are applicable to exposure monitoring: (a) diffusive samplers equipped with carbon cloth, which is effective for the measurement of time weighted average vapour concentrations of various solvents including hexane,7 and (b) analysis of the urine for alcoholic metabolites with or without pretreatment by acid or enzymatic hydrolysis.7
Materials and methods

URINE SAMPLES
Two types of urine samples were examined. Human urine samples were collected from three male workers from a shoe making factory in Italy, who were exposed to the vapours of solvent mixture preparations containing methylpentane isomers. Fifteen non-exposed male subjects served as controls. Also, urine samples were collected from female Wistar rats (four animals (that weighed about 200 g)/dose) exposed to 50, 100, 200, or 400 ppm of 2-or 3-methylpentane for eight hours in a dynamic exposure chamber system'0; collection was performed 24 hours after initiation of the exposures.
EXPOSURE OF DIFFUSIVE SAMPLERS TO 2-OR
3-METHYLPENTANE
Diffusive samplers"' -3 equipped with carbon cloth KF-1 500 (Toyobo, Osaka, Japan) were exposed to 2-or 3-methylpentane vapours in parallel to the exposure of rats.
GAS CHROMATOGRAPHIC ANALYSIS
A gas chromatograph (GC) equipped with a flame ionisation detector (Model 5890, Hewlett-Packard) connected to an automatic liquid sampler (Model 7673A, HewlettPackard) was used throughout the study.
Solvents adsorbed on the carbon cloth were extracted with 5 ml carbon disulphide (spiked with 0-2 ,ug/ml of t-butylbenzene) as previously described.7 An aliquot of the extract, 1 pd/ injection, was introduced to the GC and Kawai, Mizunuma, Yasugi, Horiguchi, Iguchi, Mutti, analysed on a DB-1 mega-bore column (30 mm in length, 0 53 mm in inner diameter and 1-5 jum in film thickness). The column was kept at 40'C for seven minutes and then heated at a rate of 50C/min to reach 120'C at which temperature it was kept until the end of the analysis. Both the injection port and the detectors were kept at 250'C. Figure 1 shows clear separation of the two methylpentanes from hexane on the column. The method was highly reproducible with coefficients of variation of less than 3% when 2-and 3-methylpentane were determined five times each.
For urine analysis, three types of pretreatment were examined, the direct method (or the analysis without hydrolytic pretreatment), the acid hydrolysis method, and the enzymatic hydrolysis method.7 In practice, 5 ml of each urine sample was mixed with either 0-25 ml of 35% hydrochloric acid (the acid hydrolysis method) or 0 5 ml of a f-glucuronidasesulphatase preparation (for the source, see the reagent section to follow; the enzymatic hydrolysis method) and kept at 100'C for 30 minutes or at 360C for 24 hours, respectively. Either the hydrolysed urine or 5 ml of the unhydrolysed urine (the direct method) was extracted with 2 ml of dichloromethane (spiked with 9-2 mg of 3-methyl-cyclohexanone/ml dichloromethane). The extract, 2 jd/ injection, was analysed on the DB-i megabore column already described. The column was kept at 40'C for seven minutes and then heated at a rate of 50C/min to reach 120'C at which temperature it was kept till the end of analysis. Both the injection port and the detectors were kept at 250'C. The peak areas were proportional to concentration up to the highest concentrations of all metabolites studied (15 mg each/i urine) when urine samples from Table 2 Concentrations of urinary metabolites after treatment with various amounts of the enzyme preparation Enzyme Metabolite concentration (pgll) *Enzyme volume added to 5 ml of the urine sample for 24 hour hydrolysis at 360C.
Values are means of three determinations of a pooled urine sample (percentage ratio taking the amount with 0 5 ml of the enzyme preparation in parenthesis). Coefficients of variations were <3%, except <5% for 2-methyl-1-pentanol.
for 1, 2, 4, or 8 hours, and the amount of the solvent adsorbed was compared with the exposure dose (the exposure duration and exposure concentration), it was found that the amount absorbed was proportional to the duration as well as the concentration. Figure 2 shows the case of 3-methylpentane exposure. The results were essentially reproducible when 3-methylpentane was replaced by 2-methylpentane. Thus, the amount of methylpentane (regardless of 2-or 3-isomer) can be expressed as Z = 0-0025 x X x Y, where Z is the amount of methylpentane (the ratio of methylpentane peak area to that of the internal standard) and X is the exposure duration (hours) and Y is the exposure concentration (ppm). The parameter 0-0025 was experimentally obtained. When the carbon cloth was exposed to one of the two methylpentane isomers for 15 minutes at various concentrations, and the amount detected by the GC analysis was compared with the amount estimated by the equation cited above, it was found that the percentage ratio of the detected amount over the estimated amount was 95-3%, 88&0%, and 110-4% at 100, 200, and 400 ppm, respectively, with an average of 98% for 2-methylpentane, and was 98-9%, 84-3%, and 106-4% at 100, 200, and 400 ppm, respectively, with an average of 97% for 3-methylpentane. Based on the data presented, the cloth seemed to respond quantitatively to short term exposure as well as to long term steady exposure. EXTRACTION 
EFFICIENCIES OF EXPECTED METHYLPENTANE METABOLITES BY DICHLOROMETHANE
About 40 jug of each sample (about 8 pug/ml urine or 20 ,ug/ml dichloromethane) of expected metabolites of 2-methylpentane (2-methyl-l-pentanol, 2-methyl-2-pentanol, 2-methyl-3-pentanone, 2-methyl-3-pentanol, 2-methyl-4-pentanol, 2-methylpentane-2,4-diol) and those of 3-methylpentane (3-methyl-2-pentanone, 3-methyl-2-pentanol, 3-methyl-3-pentanol) were tested for extraction efficiency. The extraction efficiency was assessed by dissolving in urine or dichloromethane followed by GC analysis as described in the materials and methods section. It was found that these compounds were not detectable in the urine from 15 non-exposed subjects. The analysis showed that the extraction efficiency was 77% or higher regardless of alcohols or ketones (table 1), except that the efficiency was as low as 8&7% for 2-methylpentane-2,4-diol; the presence of two hydroxyl groups in the molecule would suggest that it is hydrophilic.
OPTIMAL AMOUNT OF ENZYME PREPARATION FOR HYDROLYSIS An experiment was conducted to determine the optimum amount of the enzyme preparation (for details, see the materials and methods section) for enzymatic hydrolysis of urine. Thus, five portions (5 ml each) of a urine sample (prepared by pooling several samples from exposed workers) were incubated at 36°C for 24 hours in the presence of zero to 0 7 ml of the enzyme preparation, and dichloromethane extracts of the sample were analysed three times for metabolites. Table 2 summarises the results of the important metabolites, in terms of the means of the net amounts and the percentage ratios (taking the amounts when incubated with 0 5 ml of the enzyme preparation as 100%). The amounts of 2-methyl-2-pentanol, 3-methyl-2-pentanol, 3-methyl-3-pentanol, and 2-methylpentane-2,4-diol almost reached a plateau when the urine sample was incubated with 0 5 ml of the enzyme preparation. In contrast, the amount of 2-methyl-l-pentanol was maximal when the urine was incubated with 0 1 ml of the enzyme preparation, and slightly decreased with more of the preparation. Accordingly, 0-5 ml of the enzyme preparation was selected as the optimal amount for routine enzymatic hydrolysis at 36°C for 24 hours.
QUALITATIVE ANALYSIS OF URINE FROM RATS EXPOSED TO 2-OR 3-METHYLPENTANE AFTER ENZYMATIC AND ACID HYDROLYSES
When the urine samples from rats exposed to 2-methylpentane at 200 ppm were analysed by the direct method, the analysis gave peaks for 2-methyl-1-pentanol, 2-methyl-2-pentanol, 2-methyl-4-pentanol, and 2-methylpentane-2,4-diol (as identified by GC-MS), of which the peak for 2-methyl-2-pentanol (peak 1) seemed to be the largest (fig 3 (B-1) ). It should be noted that the amount of 2-methylpentane-2,4-diol should be much larger than the small peak (peak 7) suggests perhaps because the efficiency of extraction of this diol from the water phase to dichloromethane was not high (table 1) . When the same urine was analysed by the enzymatic hydrolysis method (fig 3 (B-2) ) or the acid hydrolysis method (fig 3 (B-3) ), more peaks appeared with larger peak areas, and it was especially so with the acid hydrolysis method. After acid hydrolysis, an unidentified peak appeared between the peaks for 2-methyl-3-pentanone and 2-methyl-3- Figure 3 Chromatograms for urinary metabolites as analysed under three pretreatment conditions. The chromatograms are those for urine from a non-exposed rat analysed by the direct method (A-i), by the enzymatic hydrolysis method (A-2), and by the acid hydrolysis method (A-3);for urine from a rat exposed to 2-methylpentane by the direct method (B-i), by the enzymatic hydrolysis method (B-2), and by the acid hydrolysis method (B-3); for urine from a rat exposed to 3-methylpentane by the direct method (C-i), by the enzymatic hydrolysis method (C-2), and by the acid hydrolysis method (C-3). For the direct, enzymatic hydrolysis, and acid hydrolysis method, see the materials and methods section. The peaks with asterisks show the chemicals tentatively identified by GC-MS.
pentanol (the peak with a * mark in fig 3  (B-3) ). This peak was tentatively identified by GC-MS as 2-methylpentanal, but the lack of the authentic 2-methylpentanal made it difficult to carry out further identification or measurement.
A similar analysis of the urine from rats exposed to 3-methylpentane with the direct method gave small peaks for 3-methyl-2-pentanol (peak c) and 3-methyl-3-pentanol (peak b) (fig 3 (C-1) ). When the urine sample was treated by the hydrolysis enzyme preparation, the peak heights became notably larger (fig 3  (C-2) ), and additional peaks (peaks marked with "a" or ** in fig 3 (C-3) ) were found after acid hydrolysis. The ** peak was tentatively identified by GC-MS as 3-methylene-pentanone, but no further identification or measurement was possible due to lack of the authentic chemical.
In contrast, essentially no peaks with the same retention times were detected when a urine sample from a non-exposed rat was analysed by the direct method (fig 3 (A-1) ). Analysis after enzymatic or acid hydrolysis gave more peaks (fig 3 (A-2 and A-3) ), but none of them disrupted metabolite measurement.
MEASUREMENT OF METABOLITES IN RAT URINE
The concentrations of urinary metabolites in the urine of rats exposed to 2-methylpentane or 3- Table 3 Metabolite concentrations in the urine of rats exposed to either 2-methylpentane or 3-methylpentane at 200 ppm for 8 hours, as analysed under various hydrolytic conditions hydrolysis. Acid treatment of authentic 2-methylpentane and 3-methylpentane, respectively, in the presence of urine from non-exposed rats, however, did not show formation of 2-methyl-2-pentanol, 2-methylpentane-2,4-diol, 3-methyl-3-pentanol, or any other metabolites. It was also suspected that in vitro conversion of 2-methylpentane-2,4-diol to other metabolites was taking place. Whereas the treatment of 2-methylpentane-2,4-diol in water with the enzymatic preparation produced no peaks other than the mother peak (fig 4 (B) ), the acid hydrolysis resulted in the appearance of several new peaks (fig 4 (C) ).
They were all small and it was not possible to identify their chemical structures by GC-MS. Their retention times were however close to those of some metabolites-for example 2-methyl-2-pentanol and to a lesser extent 3-methyl-3-pentanol. Also, 3-methyl-2-pentanol when treated with acid gives an unidentified compound with the same retention time as 3-methyl-3-pentanol. Thus, it was considered that the formation of these compounds after acid hydrolysis might disturb measurements of the methylpentane metabolites.
PRELIMINARY APPLICATION OF THE ANALYTICAL METHOD TO HUMAN URINE SAMPLES
A preliminary analysis was carried out with urine samples from three workers (who were exposed to solvent mixtures that contained 2-and 3-methylpentane and had low hexane contents) by the direct method as well as by the acid or enzymatic hydrolytic methods (table 4) . The analysis by enzymatic hydrolysis showed that the main metabolites were 2-methyl-2-pentanol and 3-methyl-2-pentanol, and that 2-methylpentane-2,4-diol was also detected as well as 2,5-hexanedione, which was derived from hexane. Other metabolites included 2-methyl-1-pentanol, 2-methyl-3-pentanol, 2-methyl-4-pentanol, and 3-methyl-3-pentanol, but they were mostly minor metabolites. When the human urine sample was treated with acid, remarkable increases in the concentration occurred in 2-methyl-2-pentanol, 3-methyl-2-pentanol, 3-methyl-3-pentanol, and 3-methyl-2-pentanone as was the case with rat urine. The increase in 2,5-hexanedione after acid hydrolysis is in accordance with previous findings." 14 C (fig 1) .
QUANTITATIVE
Vapour exposure experiments with rats showed that 2-methyl-2-pentanol and 3-methyl-2-pentanol are the main metabolites in the urine of rats exposed to 2-methylpentane and 3-methylpentane, respectively (table 3), and that the amounts of these metabolites are proportional to the intensity of exposure to the corresponding methylpentane isomers (fig 5) . These two metabolites were detected also in the urine of workers exposed to commercial hexane, which contained 2-methylpentane and 3-methylpentane, suggesting that urinary analysis of 2-methyl-2-pentanol and 3-methyl-2-pentanol can be applied to biological monitoring of exposure to 2-methylpentane and 3-methylpentane, respectively. This conclusion is in close agreement with the findings of Perbellini et al who found dose-dependent increases in methylpentanol isomers in urine of workers exposed to up to 240 mg/M3 (about 67 ppm) 2-methylpentane and 200 mg/M3 (about 56 ppm) 3-methylpentane. 9 Because these hydroxylated compounds are present in urine in conjugated forms, hydrolysis is required before analysis. The use of a DB-1 mega-bore column made it possible to separate various oxidised metabolites simultaneously (fig 3) . The application of a moderate method of enzymatic hydrolysis showed that the treatment can liberate substantial amounts of alcoholic metabolites especially 2-methyl-2-pentanol and 3-methyl-2-pentanol. Also, 2-methyl-l-pentanol, 2-methyl-3-pentanol, and 2-methyl-4-pentanol were detected as minor metabolites in urine of rats exposed to 2-methylpentane, and 3-methyl-1-pentanol from rats exposed to 3-methylpentane. When a more drastic hydrolysis by acid was applied, the treatment resulted in a remarkable increase in 2-methyl-2-pentanol as well as 3-methyl-3-pentanol. 3-Methyl-3-pentanol was not detectable after enzymatic hydrolysis.
Although the acid treatment of methylpentane did not show formation of any alcohols, it has not yet been ruled out that the increases in alcoholic compounds after acid hydrolysis was due to in vitro formation rather than hydrolysis of the conjugates, because the amount of enzymatic preparation, 0-5 ml/5 ml urine sample, is apparently sufficient (table 2) .
At present, it is not known why larger amounts of alcohols are produced after acid hydrolysis than after enzymatic hydrolysis. Table 2 shows findings that suggest that the chances are remote that enzymatically hydrolysed metabolites (with the one possible exception of 2-methyl-1-pentanol) might undergo further degradation to other compounds. Nevertheless, the in vitro formation of unidentified compounds from 2-methyl-2,4-diol after acid hydrolysis suggests that the use of enzymatic hydrolysis rather than acid hydrolysis should be recommended for the pretreatment. Perbellini et al used both enzymatic and acid hydrolysis in sequence when they analysed urine from workers exposed to commercial hexane under such analytical conditions.9 The slopes of the regression lines between methylpentane vapour exposure and corresponding methylpentanol in urine might have Table 4 Metabolite concentrations in the urine samples from three workers exposed to commercial hexane, as analysed under various hydrolytic conditions Values (mg/l, with no correction for urine density) for three workers (workers I, II, and III) exposed to 2-methylpentane (298, 203, and 110 ppm, respectively) and hexane (36, 27, and 14 ppm, respectively) are given in order. It was quite probable that they were exposed also to 3-methylpentane at the concentrations comparable with that of 2-methylpentane, but this could not be confirmed due to technical limitation of the time of study. Tr = trace, which means that a peak was detected but was too small for measurement of the metabolite.
Other abbreviations as for table 3. been affected by the increment due to acid pretreatment, especially in the case of 2-methyl-2-pentanol, although not of 3-methyl-2-pentanol (table 3) . 2-Methylpentane-2,4-diol is a 2-methylpentane metabolite that has not been reported previously. This dihydroxylated metabolite is more hydrophilic than monohydroxylated metabolites with a lower extraction efficiency (table 1) when extracted into dichloromethane. Thus, although the peak in the chromatogram is rather small, its in vivo formation is almost comparable with 2-methyl-2-pentanol. It is not desirable to use two extraction procedures in the pretreatment, dichloromethane extraction for 2,5-hexanedione (a hexane exposure indicator7) and another extraction procedure for 2-methylpentane-2,4-diol. Its abundant formation both in humans (table 4) and rats (table 3) , a linear increase related to exposure in rats, and presence in the urine without hydrolysis ( 
